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Introduction
Over the coming decades, the UK faces the considerable challenge of achieving deep cuts in carbon emissions from its existing housing stock, as part of the global effort to combat climate change. Social housing makes up around a fifth of UK homes, and social housing providers are likely to be at the forefront of efforts to comprehensively refurbish existing UK housing to achieve substantial emission cuts. This research has explored the viability of achieving deep carbon emission cuts (defined here as reductions of the order of 60% or beyond) within existing social housing. This was carried out through a case study focusing on one UK housing association, Peabody (formerly the Peabody Trust), that manages 18,000 homes in London. The stock refurbishment measures required to achieve deep emission cuts for Peabody's existing stock have been assessed, alongside the impact of a number of contextual factors (such as resident demand for energy) that influence the measures that Peabody are able to carry out and the emission cuts achieved. The research reported here is part of a more extensive study incorporating analysis of the affordability, viability and acceptability of the measures considered in this paper, reported in full in Reeves (2009) 
Progress on carbon emission reduction was assessed against the GLA's target of a 60% reduction in London emissions by 2025 relative to a 1990 baseline (GLA, 2007) and the aspiration of achieving zero net carbon emissions for Peabody stock by 2030. The former is the key political target applying to Peabody for the period considered in this study (up to 2030) , and is based upon the same aspiration for stabilisation of atmospheric carbon dioxide levels as the UK Government's longer term target of achieving 80% emission cuts by 2050 (DECC 2009) . Based upon the carbon budget given in GLA (2007) for existing housing emissions in 2025, and assuming further emissions arising out of the construction of planned new housing up to that date, the GLA target translates into an average reduction of emissions from existing housing in London of 57.4% by 2025 (Reeves, 2009 ). This was used to assess progress by Peabody in meeting the GLA target. The zero carbon target is put forward as an upper level aspiration to explore the viability of the calls from some studies (such as CAT, 2007; PIRC, 2008) for much more rapid decarbonisation of the UK economy.
Background

The context of low-carbon refurbishment in the UK
The need for a substantial programme of refurbishment of the UK's existing housing stock to both mitigate climate change and reduce levels of fuel poverty is well established amongst practitioners and researchers in the fields of housing and energy efficiency (Boardman et al., 2005; EST, 2008; UKGBC, 2008) .
Despite this identified need, progress to date in carrying out this work has been slow.
Government policy and grant funding is still largely focused on carbon reduction measures with low upfront costs and short payback periods such as cavity wall insulation and loft insulation. Installation rates for more costly measures, such as solidwall insulation and micro-generation technologies, are some way below those required for a pathway towards meeting the government's long term carbon reduction targets (WWF, 2008; CCC, 2009) . Comprehensive whole-house refurbishments, incorporating measures to reduce the rate of heat loss, control ventilation and generate heat and power, are likely to be required to achieve deep emission cuts in the housing sector, but to date very few homes in the UK are being refurbished to such a standard (Killip, 2008) .
Government policy is beginning to focus on mechanisms for delivering these measures on a large scale and for removing financial barriers to undertaking this work (DECC, 2009) . Two new mechanisms which will be trialled in the near future include the Community Energy Saving Programme (CESP), which will trial area-based wholehouse refurbishments (ibid) and Pay As You Save (PAYS) funding approaches, which remove the upfront costs of installing more capital-intensive measures (UKGBC, 2009).
The potential effectiveness of the PAYS approach may be limited, due to the intention that it will only fund measures which achieve a financial payback within their lifetime (ibid). Evidence from prior research indicates that many of the technical measures required to achieve deep emission cuts may not achieve such a payback, even if fuel prices significantly increase over future years ).
Research on achieving deep emission cuts
A number of studies have explored the technical feasibility of reducing carbon emissions from the UK housing stock over the long term (Boardman et al., 2005; BRE, 2005; Boardman, 2007; Natarajan and Levermore, 2007; EST, 2008; WWF, 2008) .
Carbon emission reduction targets for 2050 of either 60% or 80% were explored, and each study concluded that the target considered could be achieved. In each case the most extensive deployment of technical measures considered, coupled with an assumed supportive context, was found to be necessary to meet carbon dioxide (CO 2 ) reduction targets (ibid). In the study conducted by the Energy Saving Trust this was characterised as "throwing everything at the housing stock" (EST, 2008) .
Although the findings of these studies differ according to the type and extent of technologies installed, in each case a widespread uptake of micro-generation technologies alongside measures to reduce the rate of heat loss of dwellings was advocated. For example, Boardman et al. (2005) called for the use of an average of two "low or zero carbon technologies" per home, so that in a 2050 scenario that achieved 60% emission reductions, 60% of dwellings had solar thermal water heating installed, 30% had solar photovoltaics (PV), nearly 40% were heated by small scale combined heat and power (microCHP), and 20% were heated by district heating.
In addition, a number of contextual factors that play an important role in achieving deep emission cuts were identified, including decarbonisation of grid electricity, reduced demand for energy and a rapid take-up of carbon reduction technologies (Boardman, 2007; EST, 2008) .
Whilst these studies each addressed the UK stock as a whole, there has been little research to date addressing the viability of achieving deep carbon reductions in particular housing sectors (e.g. owner-occupied homes, or the private rental sector). The present research addresses this gap in knowledge for the social housing sector.
The case of UK social housing stock
The UK social housing sector exists to provide affordable housing, with provision being approximately equally split between local authorities and housing associations. It differs markedly from other housing sectors in that it is regulated and heavily influenced by Government policy. This is exemplified by the works currently ongoing to meet the Decent Homes standard in social housing stock, which is triggering the installations of gas central heating systems and cavity wall and loft insulation. Government policies to drive stronger action to reduce emissions in social housing, for example, by mandating interventions to insulate solid-walled homes or to achieve minimum energy efficiency standards, have to date not been forthcoming. As a result, the extent of carbon reduction refurbishments carried out in the sector is similar to the UK housing sector as a whole, with refurbishment being largely restricted to low to medium cost measures (loft insulation, central heating installations, improved heating controls, etc) and a small number of grant-funded demonstration projects, such as European Union-funded photovoltaic installations at Peabody.
A lack of funding has been identified as a key barrier to action to retrofit existing social housing stock (Cooper and Jones, 2008) . This issue is not addressed in the present paper, but was explored as part of the wider research project (Reeves, forthcoming; Reeves et al., 2009 ).
Methods
Overview
A case study method has been used for this study, enabling a detailed understanding of the technical and regulatory issues to be developed for one housing association, Peabody. The research focuses only on carbon emissions that result from direct and indirect energy use in the home, so issues such as transport and waste are excluded from the analysis. Only physical improvements to homes and changes to energy supply systems have been considered, as these are the primary responsibility of a social landlord. Measures to encourage behaviour change are therefore outside the scope of this paper, although their use by Peabody was explored in Reeves (forthcoming). Due to space constraints, it is not possible to report each of the many assumptions made for the PEM in this paper. The key points and a number of novel aspects of the methods used are described below. (For a full description of the PEM methodology, see Reeves, 2009.) 
Refurbishment approaches
Four approaches to refurbishment up to 2030 were initially considered (shown in Table   1 ), based upon recommendations made for Peabody by prior consultancy research on their existing stock. The Base approach represents a continuation of current servicing regimes and represents Peabody's current strategy. Other approaches represent extra measures being carried out to improve the stock, with all one-off improvements being done by 2025, so that their impact on meeting the GLA target can be identified. These approaches have been designed specifically to be appropriate for Peabody stock, the majority of which is solid-walled, and much of which is in blocks in central London, making communal heating potentially economically viable. Many Peabody estates are in conservation areas, so a conservative assumption was made for these estates that due to concerns about maintaining their external appearance, external insulation and solar technologies could not be applied.
The impact of modifying these approaches so that the considered carbon reduction targets could be met was also explored. This included the option of temporarily rehousing ("decanting") residents so that internal insulation could be installed, and of installing a different mix of technologies, including the potential use of ground source heat pumps (GSHPs), air source heat pumps (ASHPs) and communal biomass boilers.
The full list of additional approaches is listed in Table 9 .
Modelling energy use and carbon dioxide emissions
Carbon dioxide equivalent emissions (Defra 2007) 
Conversion factors
Modelled energy use was converted into carbon dioxide emissions through conversion factors for each fuel. Conversion factors for the base year 2006 are given in Table 2 .
The figure used for electricity exports is greater than the grid intensity assumed for electricity use, as it is based upon the principle that the use of the more carbon-intensive marginal plant used to provide for extra demand (coal and gas fired power stations) is being reduced by exports to the grid. The conversion factor for district heating is based upon data provided by Peabody on an existing district heating scheme in London that uses gas-fired CHP boilers. Biomass was assumed to be carbon neutral, as although there are clearly emissions associated with the transportation and processing of the fuel, these supply chain emissions are not considered for other conversion factors, and so for consistency, have not been considered for biomass. Beyond 2006, changes in emission factor were specified according to the four scenarios defined later in this paper. 
Electricity exports to the grid
The method used for modelling exports to the grid as the carbon intensity of the grid declines requires particular attention due to the significant impact it can have on the modelled impact of low carbon technologies. It is of particular importance for the present study, as the potential for the carbon intensity of grid electricity to approach zero is considered. If the grid produces zero-carbon electricity, a reduction in net emissions for any electricity generated would no longer be appropriate, as any displaced grid electricity would be from a zero-carbon source.
Where a pathway from the original grid carbon intensity of 0.527 kg CO 2 per kWh towards zero is assumed, there is therefore a need to put forward a pathway for the carbon intensity of displaced grid electricity that arrives at the same end point (zero) at the same time. This consideration gives rise to a number of possible methods for accounting for the carbon intensity of grid electricity, described in Table 3 and illustrated in Figure 1 . Rejected -leads to figures that are likely to be too low. (Rationale: once a point is reached where the marginal plant supplying the grid is the most efficient combined cycle gas-turbine power stations, further input of renewables into the grid over the following years is unlikely to provide further reductions on the carbon intensity of displaced electricity, as the marginal plant would be unchanged.) PEM Detailed below. Adopted
Fig. 1. Approaches to displaced grid electricity
The technique adopted represents a compromise between the limitations of the "Fixed"
and "Linear Decline" methods detailed in Table 3 . It describes a carbon intensity of displaced electricity that initially declines at the same rate as for grid electricity, until it reaches the value of 0.43 kg CO 2 per kWh, the figure assumed for efficient gas-fired power stations (Defra 2007) . It then plateaus as these power stations remain the source of marginal supply, despite further renewables being used to supply the grid. Assuming a pathway to a zero-carbon grid, at some point the displaced electricity carbon intensity must start declining again, as a qualitative change in the nature of electricity supply begins to take place. This research assumes that this change commences when the grid has a carbon intensity of 0.225 (notionally 50% from combined cycle gas-fired power stations, and 50% from zero-carbon sources), starting a linear decline towards zerocarbon electricity.
Scenarios
Scenarios were used to specify the broad external context in the period up to 2030.
Assumptions for each scenario were made to quantify the impact on model results. Four scenarios were defined by identifying key factors that are highly significant for model results, relatively independent, and which have significant uncertainty about their outcome (Schwartz, 1991) .
Existing research that addresses factors affecting future domestic carbon emissions has identified a number of significant issues. These include: levels of domestic energy demand; availability of heat and electricity from renewable sources; take-up of energy saving technologies; technological innovation; economic growth; fuel costs (Boardman et al., 2005; BRE, 2005; Johnston et al., 2005; Tyndall Centre, 2005) .
Bringing together the issues identified above, the two key issues used to define scenarios were the extent of action to mitigate climate change in the UK and the cost of fuel. Four scenarios were then specified (in Table 4 ) which take into account the interrelationships between the defining issues and other relevant issues, including those listed above. The key implications of these scenarios for model assumptions affecting carbon emissions are given in Table 5 . Strong efforts to reduce carbon emissions with a focus on reducing energy demand, which partially mitigates the impact of high fuel prices on fuel bills and the economy. Assumed: strong financial support for refurbishment and increases in renewables supplying the grid.
Results
Carbon emissions
The emission reductions achieved by 2025 for each refurbishment approach under the four considered scenarios are shown in Figure 2 . The key result is that the GLA's 2025 target can be achieved, but only in the two scenarios defined by strong action on climate change, namely SD and PD. For the KLO and BD scenarios, the most extensive approach to refurbishment considered therefore does not enable the GLA's carbon reduction target to be met. For the SD scenario, the target can be achieved through the Renewables approach. The PD scenario, which has greater assumed reductions in energy demand, can achieve the target through the Communal or Renewables approaches, and is close to doing so through fabric improvements alone. In both scenarios where the target is achieved, Peabody's current planned approach to refurbishment (the Base approach) does not achieve the required emission cuts. To take into account the impact of this uncertainty, it is suggested that the target can be met with a good degree of confidence for a particular scenario if it is met even for the lowest possible result identified by changing model variables through sensitivity analysis. By this definition, only the Renewables approach in the PD scenario can be said to allow the 2025 target to be met with a good degree of confidence. The
Renewables approach in the SD scenario is close to meeting this goal, with the lowest levels of emission reductions identified through sensitivity analysis being 56.6% (which occurs where a maximum level of energy demand for this scenario is assumed).
Contextual factors
The impacts of two types of contextual factor on the model results were explored:
factors external to Peabody which affect the emission cuts achieved (resident demand for energy and carbon intensity of the grid) and factors which place limitations on the measures Peabody can carry out (planning constraints, and a desire to avoid disruption to residents). The latter factors were explored through their impact on the two key measures affected: solid wall insulation and solar technologies (solar thermal and solar PV).
Energy demand and the carbon intensity of grid electricity
The two external contextual factors identified as having the greatest impact on the achieved emission cuts were changes in energy demand from residents and the carbon intensity of grid electricity. For each factor, the values required to allow the 2025 carbon reduction target to just be achieved were calculated for each scenario. Changes in energy demand were considered by changing demand levels for heating, electricity, etc to an equal extent relative to the base year. The results (shown in Table 6 ) indicate a range of +2% to -40%, with the greatest demand reductions required where there is a less extensive refurbishment approach. For the SD and PD scenarios, this result indicates that the target can be met with no reduction in energy demand. The results for carbon intensity of grid electricity (Table 7 ) demonstrate a significant difference between scenarios and approaches. The Base approach is insufficient in each scenario except PD, for which grid electricity needs to be almost entirely zero-carbon.
The combination of the Fabric approach and a near to zero-carbon grid is the only way for the target to be met in the KLO scenario. The results demonstrate potential for the GLA target to be met through less extensive refurbishment if substantial reductions in the carbon intensity of the grid are achieved. For example, a 54% reduction (giving a grid intensity of 0.24) would make both the Communal approach in SD and the Fabric approach in PD successful. 
Use of solid wall insulation
The scenarios modelled make the conservative assumption that solid walls are not insulated externally on listed estates or estates in conservation areas, due to concerns about maintaining the appearance of architecturally-significant buildings. Furthermore, internal insulation (for solid walls and floors) is only installed in empty properties (as they become available between tenancies) so as to avoid the extra costs and disruption involved with decanting residents from their homes.
The impact of three possible changes of these assumptions were explored by modifying the Fabric approach to refurbishment: assuming that internal insulation is not installed in empty dwellings at all; assuming that decanting is possible (so that whole estates can be decanted and then refurbished using internal wall insulation); assuming that there are no conservation area (CA) constraints, so estates in conservation areas (but not listed estates) can be externally insulated.
The impact of the considered changes is very similar for all the scenarios and approaches considered. Results are shown in Figure 3 for the Renewables approach in each scenario, and also for the only other two cases where these changes affect the achievement of the 2025 target. target. This implies that decanting residents to install internal insulation could be used as an alternative strategy to the installation of energy supply technologies to achieve deeper emission cuts beyond those achieved through the Fabric approach.
Use of solar PV and solar thermal
The results presented above for the Renewables approach assume that no solar PV or solar thermal panels can be installed on listed estates or estates in conservation areas, so as to maintain the external appearance of these buildings. The implications of assuming that solar panels can be installed on all conservation area estates (but not listed estates)
were explored, to identify the potential for increased emission cuts if this constraint was removed.
The results indicate that allowing solar PV and solar thermal installations in conservation areas leads to increased emission reductions of 4% in each scenario (Figure 4 ). These further emission reductions increase the confidence that the 2025 target is met for SD and PD, and reveal potential to achieve emission cuts beyond 70% by 2025.
Fig. 4. Impact of removing constraints on use of solar PV and solar thermal
Meeting the GLA's 2025 target
Taking into account the availability of other carbon reduction measures that could be applied on Peabody stock, the original approaches to refurbishment considered above were modified to identify a variety of approaches that meet the GLA target. Considering the issue of likelihood that an approach is successful given the uncertainties in the model, a Good Confidence approach was also devised. This is the least cost approach from a whole-life costing perspective (see Reeves 2009 ) for which the 2025 target is met with a good degree of confidence, as defined previously. A Maximum approach for each scenario combined all measures under consideration that led to emission reductions by 2025. The resultant approaches for each scenario are given below.
Keeping the Lights On
For this scenario, no combination of measures that would allow the GLA's target to be met was possible.
Sustainable Development
Six approaches are put forward that have potential to meet the 2025 target (Table 8 ).
The Good Confidence approach relies on decanting residents so that homes can be internally insulated, and installing district heating, communal biomass boilers and solar thermal on all suitable estates. 
Power Down
The Power Down scenario is the most successful of the scenarios modelled in terms of emission reductions, due to the combination of low energy demand and increased availability of low carbon energy. As a result, a number of distinct approaches could be employed to meet the 2025 target (Table 9 ). 
Breaking Down
For this scenario, the GLA target could only be achieved through a "Maximum" approach, comprising the Fabric approach (with decanting), district heating, communal biomass boilers, solar PV and solar thermal, which achieves a cut in emissions of 60% by 2025. Given the uncertainties in the model, it is some way short of meeting the target with a good level of confidence.
Impacts of stock type
Peabody stock differs markedly in its makeup from other social housing stock and other housing in London (Table 10 ). The emission reductions achieved in distinct types of Peabody housing were assessed in order to identify the implications of this research for other social landlords in the UK with differing stock profiles. Peabody stock was broken up into five categories. Electric estates are those having mostly (or entirely) electric heating. All but one of these estates were built in the last 20
years. Scattered estates consist of street properties with a greatly varying age profile.
The remaining estates were divided up according to their date of construction: Modern estates are those built after 1991; Recent estates are those built between 1951 and 1991;
Old estates are those built before 1951, and are typically solid-walled blocks of flats.
The emission reductions achieved for different stock types are illustrated for the Good Confidence approach to meeting the 2025 target in the PD scenario (Table 11) . Prior to refurbishment, emissions vary significantly between Peabody dwelling types, and are all below the UK average, as is typical for social housing. After refurbishment, emissions per resident are broadly similar across all stock types, between 0.6 and 0.7 tonnes per annum. The greatest percentage reductions are achieved on older estates and estates with electric heating -those which currently have higher emissions and the greatest potential for emission cuts. 
Beyond the 2025 target
The 60% emission reduction goal set by the GLA is a milestone on an intended trajectory to emission cuts of the order of 80-90%, with further rapid reductions intended from 2025 to 2030 (GLA, 2007) . This implies a need to assess the viability of achieving cuts that go beyond the GLA target.
The greatest cut in emissions achieved to 2030 for the initial modelled approaches was 72% for the Renewables approach in the PD scenario. The Maximum approach for the PD scenario achieves an 82% reduction by 2030, assuming that all gas central heating systems are removed and replaced with electric heating.
These results highlight that to go beyond the 2025 target, towards reductions in the range 80-90%, substantial further stock improvements may be required, which would need to include extensive use of more costly technologies such as solar PV and more disruptive approaches to refurbishment, such as installing internal insulation. Emission targets on this scale would also put greater pressure for change on constraints external to Peabody, such as planning policies in conservation areas, levels of domestic energy demand and the emissions associated with grid electricity. 
Achieving Zero-Carbon
For the purposes of this study, an existing estate has been described as "zero-carbon" if its net on-site carbon emissions are zero or less. Net emissions are the total carbon emissions arising from on-site energy use less any emissions saved due to on-site electricity generation. As a result, an estate where fossil fuels are used (for example, gas as a fuel for condensing boilers) can still achieve zero net carbon emissions if sufficient on-site generation takes place to "offset" those emissions.
To carry out the assessment of whether zero net carbon emissions can be achieved across Peabody stock, the scenario which led to the greatest levels of emission cuts, Power Down, was taken as a starting point. Three approaches to refurbishment that go beyond this starting point were considered, based upon changing three key assumptions:
the technologies installed; energy demand from residents; the availability of biomass CHP (as an alternative to gas-fired CHP). The impacts of biomass CHP were explored as it is the only technology apart from solar PV and gas-fired CHP that can be used on Peabody estates to offset emissions through the generation of electricity. Its impacts were not explored through the original refurbishment approaches as it is not considered to be a mature technology for applications on the scale of Peabody estates (RAB 2007) , but this situation could potentially change by 2030.
The resulting four refurbishment approaches considered are shown in Table 12 , and the emission reductions achieved by 2030 are shown in Table 13 . Table 12 . Approaches to achieve zero net carbon emissions
Method Description
Base As for the Renewables approach of the PD scenario.
Maximum
As for the Maximum approach described previously. Furthermore, it is also assumed that gas boilers are replaced with electric storage heaters (as with the carbon intensity of grid electricity being assumed to be less than 0.185 kgCO 2 e/kWh in 2030, this is the lowest carbon option). It is also assumed that gas cookers are replaced with electric cookers in each home where gas heating is removed for the same reason.
Low Demand As for the Maximum approach, but with resident demand for energy reduced by up to 40%.
Low Demand and Biomass CHP
As for the Low Demand approach, but with biomass CHP installed instead of biomass boilers The results indicate that even if maximum use is made of technical interventions and with significant energy demand reductions from residents, zero-carbon status is not achieved for Peabody stock. The principal barrier is the relatively small amount of roof space suitable for solar PV on Peabody estates. This is a particular issue on the older estates, which are multi-storey and often have heavily-shaded roofs, giving a low area of suitable roof space per dwelling.
A remaining approach to move towards zero carbon emissions would be to assume a reduced carbon intensity of grid electricity, beyond the already low figure assumed for 2030 of 0.171 kg CO 2 per kWh (around a third of present-day levels). However, reducing this figure towards zero does not lead to zero net carbon emissions being achieved. This is because as the emissions associated with electricity use are reduced, the carbon emission reductions that result from displacing grid electricity through onsite generation become smaller (indeed, they are assumed to fall more rapidly, as illustrated in Figure 1 ). This situation leads to the conclusion that zero-carbon grid electricity appears to be necessary to achieve zero carbon emissions for Peabody stock, coupled with a modified approach to energy supply.
If grid electricity is produced entirely from zero-carbon sources, then if any fossil fuels (such as natural gas) are used either directly or indirectly to provide energy for Peabody estates, zero-carbon status can not be achieved. In this context and using existing technologies, only electricity or biofuels could be used to provide energy for Peabody estates if zero-carbon status is to be achieved. Gas-fired individual heating systems could be replaced by electric heating, either in the form of storage heaters or, where feasible, heat pumps. Communal systems could only be used as part of a zero-carbon strategy if they could be fuelled entirely by biofuels, such as wood pellet or biogas.
Discussion and Conclusions
GLA target
A key finding of the present work is that, in the absence of changes in external factors, even if Peabody were to use every technology considered to the greatest possible extent on its stock there is no guarantee that the GLA target would be met. Significant changes in external factors are also necessary, with two critical ones being a constraint on resident demand for energy and an increase in the availability of low carbon energy (grid electricity or district heating). With a suitable combination of stock improvement measures and broader contextual change, the results indicate that the GLA's 2025 target can be met for Peabody stock. These conclusions echo the GLA's own analysis of the viability of meetings its 2025 carbon reduction target (GLA, 2007) and findings from similar studies on carbon reduction from existing housing (Boardman, 2007; EST, 2008) .
These findings hold for each type of Peabody stock considered, implying that they are likely to apply equally to other social landlords, many of which manage more modern stock for which emission cuts are more challenging to achieve through technical measures.
If beneficial external conditions are in place, as they are for the SD and PD scenarios, the GLA target can be met, and the extent of refurbishment required depends on the extent of emission reductions already achieved by external factors. For the two successful scenarios considered in this research, this could be achieved by insulating all solid-walled estates (with residents being decanted on estates in conservation areas to achieve this), connecting up to 25% of estates to district heating networks and installing either communal biomass boilers or solar micro-generation technologies.
This represents a radical change in the current approach to refurbishment for Peabody, as it would for other social landlords with similar stock. However the need for this scale of refurbishment is consistent with findings from previous research on achieving deep emission cuts in UK housing. The affordability of this work is a key issue, and research conducted in parallel to the present study has identified that this action would not be financially viable for Peabody, and is likely not to be affordable for other social landlords in their current operating context ).
Zero carbon
The zero-carbon target could only be achieved if zero-carbon grid electricity is available and if no fossil fuels are used to provide energy for Peabody estates. This finding has a number of implications.
Firstly, it highlights that the zero-carbon status of a building depends on its context, not just the building itself. As a result, zero-carbon status cannot always be achieved through technical measures alone, even if they are applied to the maximum possible extent. A further implication is that a zero-carbon building that achieves this status through displacing sufficient grid electricity to offset any fossil fuels used onsite could lose its zero-carbon status in future years if the carbon intensity of the grid declines.
A second implication is that if zero-carbon is the long-term goal for an estate, rather than, for example, emission cuts of 60%, this may alter decisions on which technologies are most appropriate to install. For example, gas-fired CHP may be effective at reducing emissions over the lifetime of the installed boilers, but installing communal infrastructure may not be a beneficial investment with a view to achieving zero carbon emissions, unless a zero-carbon energy source can be feasibly used to fuel communal heating on that site. This could be a particular issue in London, and other urban areas, where the use of biomass heating could be constrained due to concerns about particulate pollution (BERR, 2008 ).
Finally, it should be stressed that achieving a zero-carbon grid by 2030 is likely to be both technically and politically challenging. The technical viability of developing a zero-carbon grid is uncertain, although the Centre for Alternative Technology has outlined a broad approach for achieving this in the UK by 2027 (CAT, 2007) , and a close to zero-carbon grid by 2030 has been recently called for by the UK's Committee on Climate Change (CCC, 2008) . The political viability of this goal is much more doubtful, as achieving this would require radical changes in the perceived level of action required to mitigate climate change on the part of both the public and Government.
Implications for social landlords
The results for Peabody stock indicate the need for a substantial deployment of carbon reduction measures to achieve deep cuts in carbon emissions for all stock types considered, even in a context of demand reduction and significant grid decarbonisation.
This finding implies that action of a similar order is likely to be required for other social landlords, though the particular measures that will be appropriate will differ according to each particular landlord's stock profile.
The scale of the work required implies that carrying out these measures could entail a significant shift in the responsibilities of social landlords towards their stock. The present obligation to maintain the good condition of their stock would be extended to incorporate a responsibility to actively intervene to comprehensively reduce stock emissions.
The relative difficulty identified of achieving emission reductions in Peabody's more modern stock, which is more typical of the broader housing association sector, implies that greater reductions need to be achieved in older, less efficient homes to offset this.
This could imply that landlords with older stock such as Peabody should look to achieve reductions beyond any given percentage target applied to the housing sector (e.g. beyond 80% by 2050).
Recommendations for policymakers
The two key recommendations for Government arising from this research are the need to drive decarbonisation of the grid and to constrain or reduce domestic energy demand.
With regard to grid decarbonisation, the targets put forward by the Committee on Climate Change (2008) for substantial grid decarbonisation offer a useful goal to work towards, that would reduce the need for emission cuts to be achieved through technical measures applied to housing. Whilst residents' demand for energy is dependent to a large degree on broad social causes, a wide range of policies are available to Government to help reduce domestic energy demand, and these should be actively pursued. Specific policy recommendations are beyond the scope of this paper, but due to the apparent need for cost savings as a motivation for behaviour change amongst social housing residents (Reeves, forthcoming) , policies that put a price on carbon emissions appear to be of some importance.
Future research
The research reported here has identified the need for the use of extensive technical measures to achieve deep emission cuts in existing social housing homes. Parallel research has identified that a lack of financial viability and acceptability amongst residents are key barriers to carrying out the identified interventions (Reeves, forthcoming) . Future research could productively build upon these findings and address some of the limitations of this research by studying actual low-carbon refurbishments of existing social housing estates over coming years. Such research could provide valuable learning on the emission cuts achieved in practice, on the costs of refurbishment, on the effectiveness of innovative funding mechanisms and on the experiences and views of key stakeholders (particularly residents and social housing staff).
